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Abstract. As part of the Perdiga˜o 2017 campaign, vertical RHI (range-height
indicator) scans with long-range pulsed Doppler wind lidars were performed aligned
with the main wind direction and a wind turbine (WT) located on a mountain ridge.
The measurements are used to not only retrieve flow velocities, but also their variance
and - by using the turbulent broadening of the Doppler spectrum - also turbulent
kinetic energy (TKE) dissipation rate. The study shows that turbulence in the WT
wake is dependent on the turbulence of the inflow, but also on atmospheric stability.
In stable atmospheric conditions, wakes could be analyzed up to five rotor diameters
downstream (D) and showed the maximum turbulence in the wake at 2-3 D, whereas
in unstable conditions, the maximum was found at 2 D and the wake could not be
detected further than 3 D. A clear dependency of wake turbulence enhancement on
inflow turbulence intensity is found, which levels out to no further enhancement at
turbulence intensities of 30%.
1. Introduction
Amongst the challenges in wind-energy research, turbulence plays an important role for
the understanding of inflow conditions [1, 2]. Turbulence generated by wind turbines
(WT) in their wakes is a feature that is inherent to every wind park and thus deserves
special regards. Wakes, and their interaction with atmospheric flows, have been studied
theoretically [3], in simulations [4, 5, 6, 7], and in experiments [8, 9, 10, 11, 12, 13].
With developments in measurement technology and analysis methods, more details of
wind turbine wakes can be revealed through field experiments. The development of
lidar technology had a large impact in the field. Short-range, continuous-wave Doppler
wind lidars can provide very detailed measurements of the wake in the near-field of the
turbine [14, 15]. Long-range pulsed Doppler wind lidars have been used in many studies
to study the wake propagation in the far field [9, 16, 17]. In this study, we use long-range
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lidars to measure turbulence parameters, i.e. velocity variance and turbulence kinetic
energy dissipation rate from RHI (range-height indicator) scans. The measurements for
this purpose were collected at the Perdiga˜o 2017 experiment, which will be introduced
in Sect. 2. Previous studies about the WT wake at Perdiga˜o focussed on its propagation
and wind speed deficit [18, 19, 20, 17, 21]. The method to retrieve turbulence in this
study is presented in Sect. 3, followed by the results in Sect. 4 and the Conclusions.
2. Experiment and dataset
2.1. Perdiga˜o 2017
The Perdiga˜o 2017 experiment was carried out in central Portugal, close to the Spanish
border at a location that is unique due to its nearly parallel mountain ridges in a distance
of approximately 1.4 km to each other (see Fig. 1). Fernando et al. (2018) [22] gives an
overview of all institutions that contributed to the campaign and their research goals
as well as all the instrumentation that was deployed in the field. On the south-west
(SW) ridge, a WT of type Enercon E-82 with a hub height of 78 m and a rotor diameter
of 82 m is installed. The focus of the DLR participation was on interaction of the
WT wake with the complex atmospheric flows in this terrain. For this purpose, three
Doppler wind lidars of type Leosphere Windcube 200S were set up during the intensive
operation period (IOP) from 01 May 2017 through 15 June 2017. More details on the
DLR instrumentation can be found in [20, 17, 23]. In this study, data from lidar #2
are used which was installed in the Vale do Cobra˜o between the two mountain ridges,
scanning up to the wind turbine. This lidar provided the best availability of wind turbine
wake measurements.
2.2. Dataset
Within the IOP period, the lidar data were filtered for the following criteria:
• Wind direction between 225◦ and 245◦.
• Wind speed between 5 m s−1 and 9 m s−1.
• Wind turbine was operating.
• A wake signature could be detected in the RHI scan.
• Lidar was operational and collecting good data (CNR>-25dB).
The result of this filtering yields 40 hours of data. The data were then subdivided
into nighttime cases with statically stable stratification (potential temperature gradient
Δθ
Δz
> 0 and time of day between 20:00 UTC and 8:00 UTC) and daytime cases (all other
cases). Δθ
Δz
is calculated as an average in the lowest 300 m as measured by the microwave
radiometer southwest of the Perdiga˜o mountains (see [17]). The result is 6 hours of data
in a stable atmosphere and 34 hours in neutral and unstable conditions. For further
analysis, an averaging time of 30 minutes is used so that the number of analyzed time
periods is twice the number of hours. The raw lidar data can be found in the Perdiga˜o
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Figure 1. Map of the Perdiga˜o map, indicating the location of DLR-operated scanning
lidars, the 100 m meteorological masts and the wind turbine. The wind rose is showing
wind measurements of the sonic at WT hub height on tower 20/tse04 during the IOP.
field experiment data repository [24].
High resolution measurements of the sonic anemometer at WT hub height (78 m) are
used for comparison during the time periods of interest. The data can be found in the
UCAR repository [25].
3. Methodology
3.1. Estimation of wake characteristics
Wildmann et al. (2018) [17] showed how coplanar RHI scans can be used to
automatically detect the wake center and wind speed deficit within. For this study,
we only analyze single lidar RHI scans from lidar #2 in the Vale do Cobra˜o. For the
best availability of wake measurements, the automatic detection of wakes was quality
controlled and enhanced by manual inspection of each half-hour averaged field of radial
velocities. Along the detected wake paths, boxes of 20 m are defined within which the
turbulence retrieval according to Wildmann et al. (2019) [23] was applied (see Fig. 2).
A maximum distance of 400 m (i.e. five rotor diameters) was chosen, because few wakes
were detected at larger distances.
The method uses the variance of line-of-sight velocities σˆ2v as a space and time average
(Δt = 1800 s) and the turbulent broadening of the Doppler spectrum σ2t to obtain the
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variance over all scales of the flow in lidar beam direction σ2v :
σ2v = σˆ
2
v + σ
2
t (1)
To obtain the turbulent broadening σ2t , shear (σˆ
2
s) and the spectral width at
constant wind speed (σ20) are removed from the spectral width (σˆ
2
sw) as in [26]:
σ2t = σˆ
2
sw − σ20 − σˆ2s . (2)
Figure 2. Example of a full RHI scan with indication of distances and areas of wake
turbulence retrieval.
For turbulence that can be described with the von Ka´rma´n spectrum, and integral
length scales larger than the lidar sensing volume, the integral length scale Lv and TKE
dissipation rate ε can be retrieved from σ2t and σ
2
v :
Lv = c1
(
σ2t
σ2v
)c2
+ c3 (3)
ε =
1.972
C
3/2
k
σ3v
Lv
(4)
c1, c2 and c3 are coefficients that are determined as an approximation of the full
theory (for full derivation, see [23]) and Ck = 2 is used as the Kolmogorov constant.
All values of ε are filtered where the calculated uncertainty of the method as in [23] is
more than twice the actual value of ε. For this reason, the number of data points for
ε is smaller than the number of measurements for velocity variance (only 35 half-hour
periods in 1-2 rotor diameters downstream).
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3.2. Estimation of background wind speed and turbulence
Analyzing wind speeds and turbulence in the wake raises the problem of an appropriate
reference point (sometimes referred to as u∞). The definition of u∞ is particularly
challenging for the Perdiga˜o campaign as the inflow is forced upon a slope towards the
SW ridge where the WT is located. We identified two possibilities to define the incoming
flow. First, wind speed and variance can be determined from the lidar RHI scans at
two rotor diameters upstream (see Fig. 2). Second, the sonic anemometer at hub height
on the 100 m mast 20/tse04 can be used. While the lidar measurement upstream can
be distorted by inclination of the flow over the slope, the tower sonic is displaced by
approximately 200 m laterally and the flow at this point has a slightly different fetch
than the flow hitting the WT. For scaling of the lidar measurements in this study we will
use the lidar measurements two rotor diameters upstream, as in this case the systematic
errors of the instrument and the method are the same as for the measurements in the
wake and thus a better relative accuracy between wake and upstream measurements
can be expected. The tower measurements will be displayed as a comparison. TKE
dissipation rates from the sonic anemometers are estimated from a fit to the second
order structure function as described in [27, 23].
4. Results
4.1. Wake turbulence in dependency of distance to the WT
Figure 3 shows the results of averaged wake variance in comparison to upstream flow
variance. Figure 3a gives the absolute values, whereas Fig. 3b shows the results scaled
to the incoming flow variance. From the absolute values we see that flow variance in the
stable atmosphere is much lower than in other cases, which is particularly obvious in the
upstream measurements as expected. It also shows that adding the turbulent broadening
of the Doppler spectrum to the lidar measured variance increases the measured variance
significantly by 20% in unstable conditions and up to 50% in stable conditions. In
unstable conditions, no wake detection further than two rotor diameters D downstream
could be clearly detected, while in stable conditions a detection up to 5 D was possible.
A maximum of turbulence is detected at 2 D.
Looking at the ε-retrievals from the lidar measurements (Fig. 4), the findings from
the variance analysis are confirmed. While the absolute values of ε as well as for σ2v are
not larger for the stable cases, the relative increase of turbulence is significantly larger,
since the upstream turbulence is much lower. We know from previous studies that the
lidar retrieval of ε is highly uncertain in stable regimes with low turbulence as in the
upstream cases during the night in this study. Therefore the enhancement of ε is also
subject to large uncertainties, especially since tower 20/tse04 shows a larger mean value
of ε than the lidar upstream measurements.
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Figure 3. Measurements of flow averaged velocity variance σ2v (solid lines) and σˆ
2
v
(dashed lines) as a function of the distance to the wind turbine as measured by the
lidar (a) and normalized by the incoming flow variance (b). Red depicts unstable
conditions and blue stable conditions. Heavy markers at 0 distance to the WT are
for corresponding tower 20/tse04 measurements. The error bars give the standard
deviation of all half-hour averages. The measurement points of the individual curves
in a) are successively shifted by 10 m (20 m, 30 m) from their original value for better
readability of the error bars.
Figure 4. Measurements of flow averaged TKE dissipation rate ε as a function of the
distance to the wind turbine as measured by the lidar (a) and scaled to the incoming
flow ε (b). Red depicts unstable conditions and blue stable conditions. In (a), the
error bars give the standard deviation of all half-hour averages. The measurement
points are shifted by 10 m from their original value for better readability of the error
bars. Heavy markers at 0 distance to the WT are for corresponding tower 20/tse04
measurements.
4.2. Evaluation of the dependency of wake characteristics on background turbulence
Instead of subdividing the data in stable and unstable cases only, we can also look at the
overall relation of wake turbulence intensity TI = σu/u to upstream turbulence intensity
TI∞ (Fig. 5). The increase in turbulence in the wake is related to upstream turbulence
intensity. The absolute values of wake TI are in general higher than at the upstream
location, but do not show a clear trend. Looking at the enhancement of turbulence
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intensity TI/TI∞ (Fig. 5) a decay of TI enhancement with upstream TI is detected.
The scatter in the data reflects the uncertainty of the estimation of turbulence and the
complexity of the flow at the Perdiga˜o location.
Figure 5. Turbulence intensity (TI) in the wake as a function of upstream turbulence
(TI∞) for distances of 1 D (full dots) and 2 D (light stars) downstream the WT (a).
In (b) the measured values of TI in the wake are scaled by TI∞.
The retrieved dissipation rates are expected to increase in the wake with increasing
upstream turbulence as well. In order to evaluate if our results are comparable to other
experiments, we show the measurements in comparison to the best-fit line between
turbulence intensity and ε as it was found in Lundquist and Bariteau (2015) [28]
(Fig. 6). The Perdiga˜o lidar wake measurements show large scatter with a significant
amount of data points at lower values of ε compared to the waked cases from Lundquist
and Bariteau (2015). A possible explanation for this can be that the area of highest
turbulence of the wake is not always in the RHI plane and the retrieved values of ε are
thus underestimating the total turbulence in the rotor plane.
Figure 6. TKE dissipation rate (ε) in the wake as a function of upstream turbulence
(TI∞) for distances of 1 D (full dots) and 2 D downstream the WT (light stars).
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5. Conclusion
Within a WT wake, increased levels of turbulence generated by the vortices of the rotor
blades can be expected. In this study we quantify this enhancement of atmospheric
turbulence up to five rotor diameters downstream through RHI measurements with
long-range lidars. We show that the average velocity variance of the flow in the wake
is approximately 4 times higher in the wake than upstream in stable atmospheric
conditions at 3 D downwind and still 1.5 times higher at 2 D downwind in unstable
conditions. We find that an enhancement of turbulence by the wake can be found in
conditions with turbulence intensities up to 20%, whereas almost no increase of TI
compared to the inflow was observed at TI of 30% or greater. TKE dissipation rate
is analyzed as a turbulence parameter which feeds directly into theoretical turbulence
models. It is found to be one order of magnitude larger in the wake than upstream
in daytime cases and two orders of magnitude in stable cases due to the very weak
upstream turbulence. Absolute maximum values of TKE dissipation rate are similar in
both regimes.
The study shows that long-range lidars can provide valuable information about wake
turbulence and that the use of information of spectral broadening allows to obtain TKE
dissipation rate as a comparable parameter of turbulence. The Perdiga˜o 2017 dataset
of RHI measurements in the wake contains 80 half-hour periods that were analyzed in
this study. In order to discriminate more distinct atmospheric conditions, more data
will be needed in future. The experimental setup of RHI scans in Perdiga˜o only allowed
a narrow range of wind directions to be analyzed and it is not guaranteed that the wake
center is within the plane of observation. In future, the methods described in this study
could for example be applied to nacelle-based PPI scans in wind farms, which would
allow a much larger database of wake measurements. We also recommend repeating
similar measurements in more homogeneous and flat terrain in order to have smaller
uncertainties of upstream wind conditions and interaction with the terrain.
The uncertainties of turbulence retrievals with long-range lidars based on common
turbulence theory will also be subject to future research as it depends strongly on the
integral length scales which are most often not known a priori. In situ instrumentation
can help to validate lidar measurements and potentially enable them to be used in
operational use for turbulence estimation.
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